A screening procedure was used to isolate a number of mutants of Escherichia coli K-12 with low penicillinase activity. By co-transduction with purA, three of the mutants were found to map near 82 min. Penicillinase was purified from one mutant and from a transductant with a temperature-sensitive enzyme. Comparison with wild-type penicillinase revealed similarities in the Ouchterlony immunodiffusion test but differences in the catalytic properties. It is concluded that the mutations have occurred in the structural gene of the chromosomal penicillinase (designated ampC). Purified enzyme and a temperature-sensitive mutant were used to investigate whether the penicillinase has a physiological function related to biosynthesis or breakdown of murein. No positive evidence for any such function was obtained.
High levels of chromosomally mediated penicillin resistance are the result of several consecutive mutations. In Escherichia coli K-12 the first step found was a mutation in the ampA gene which increased the penicillinase activity (8) . Further work showed that the enzyme was located in the periplasm (2) and that ampA mapped at 82 min on the chromosome (7) . Purification of the penicillinase from different strains has shown that ampA strains contain about 10 times more enzyme than wild-type strains (14) . No qualitative differences could be found between enzyme purified from ampA and from wild-type strains. Taken together, these data suggest that ampA is a regulatory gene for the penicillinase. Assuming this to be correct, it would be desirable to find the structural gene for the chromosomal penicillinase.
The present study was therefore initiated with the following chief aims: (i) to isolate and map penicillinase-negative mutants; (ii) to compare the penicillinases purified from wildtype and mutant strains with respect to enzymic and immunological properties; and (iii) to use both a mutant with a heat-labile penicillinase and purified enzyme to investigate whether a previously assumed natural function 1 12. of the penicillinase (2, 5) is linked to the biosynthesis of murein. For the last purpose it was found necessary to modify our method of purification of the penicillinase (14) in such a way that the use of lysozyme for making spheroplasts was avoided.
The results show that we obtained mutants in the structural gene of the penicillinase. This new locus, designated ampC, is closely linked to ampA at 82 min on the chromosomal map. (ampB has been used for class II mutations, on plates giving a twofold increase in chromosomally as well as episomally mediated penicillin resistance [16] .) MATERIALS AND METHODS Organisms. The bacterial strains used were all derivatives of E. coli K-12 (see Tables 1 and 2 ). The following Hfr strains have been used: Gllal, which carries the original ampAl allele; P4xa2, which is assumed to carry the ampA2 allele; and R12, which is a transductant carrying the ampAl allele. These Hfr strains transfer their chromosomal genes in the following order: for Gllal origin-purE-thr-ampA, for P4xa2 origin-lac-thr-ampA, and R12 origin-metB-ampA-thr.
Phage Plbt used for transduction was described by Gross and Englesberg (9) . High titer stocks were prepared as described before (7) .
Media and growth conditions. The minimal medium used was medium E (23) . It was supplemented with 0.2% glucose, 1 gg of thiamine per ml, 25 jug of the L-isomer of the required amino acids per ml, and 25 tsg of adenine per ml, when necessary. The complete medium used was LB (1) supplemented with medium E (23) and 0.2% glucose. All plates contained 1.5% agar. LB plates, with or without ampicillin, contained LB supplemented with 0.2% glucose, 10-3 M CaCl2, and a vitamin mixture (7) .
For purification of penicillinase, 15-to 60-liter batches of the various strains were grown at 37 C as described previously (14) . Strain Hiti4 was grown at 30 C and harvested during log phase. The latter was necessary to avoid the formation of capsular material that made harvesting difficult. Growth was followed by recording optical density by using a Klett-Summerson colorimeter with filter W66. A reading of 100 Klett units corresponds to 4 x 108 log-phase cells per ml of LB.
Materials. Benzyl penicillin (PenG) and Dampicillin (D-amp) were kindly provided by AB Astra, Sodertalje, Sweden. Streptomycin sulfate was donated by AB Kabi, Stockholm, Sweden. Zulkowsky's starch (used for penicillinase determination) was from Merck, Darmstadt, Germany. N-methyl-Nnitroso-N-nitroguanidine (NNG) was from K & K Laboratories, Inc., Hollywood, Calif. Materials for chromatography were as described previously (14) .
Procedure for mutagenesis. Cells growing exponentially in LB, or starved, stationary-phase cells (4 x 108 cells/ml) were chilled, harvested, and washed with 0.9% NaCl. After resuspension to the original volume in a freshly prepared solution of mutagen (NNG, 400,g/ml in 0.05 M citrate buffer, pH 5.5), the bacteria were incubated at 37 C for 30 min and then washed twice with 0.9% NaCl before being spread on LB plates. This procedure yielded 10 to 20% survivors.
Analytical methods. Protein content was measured at 280 nm. The penicillinase activity of whole cells or fractions was assayed in 0.05 or 0.1 M phosphate buffer, pH 7.4, by the automated microiodometric method (15) . PenG was normally used as substrate because it is hydrolyzed 20 to 30 times faster than is ampicillin (14) . Values for Km were obtained graphically from Lineweaver-Burk plots of the reaction velocities at 37 C (also for strain Hltl4).
When assaying activity of whole cells, 1,000 jug of substrate per ml was used to give a good saturation of the penicillinase (4) .
Determination of antibiotic resistance. The bacteria to be tested were harvested during exponential growth in LB and diluted in 0.9% NaCl. Cells (100-400) were spread on LB plates containing differ-STRUCTURAL GENE FOR E. COLI PENICILLINASE ent concentrations of the antibiotic. The resistance level was defined as the maximal antibiotic concentration permitting 100% survival of the cells. Reference strains were included in each determination (16) .
RESULTS
Isolation of penicillinase-negative mutants. Penicillinase-negative mutants have previously been isolated in strains of Bacillus (6) and Staphylococcus (17) that produce highly active exopenicillinases. The screening methods employed permitted an identification on the plates of clones lacking penicillinase. When the technique was employed on our E. coli strains with a cell-bound penicillinase, no mutants were detected. This was probably due to the low tumover number of the enzyme (14) as well as to the fact that the substrates do not readily penetrate the outer membrane barrier of E. coli (4, 21) .
Penicillinase-negative mutants were isolated from two different parental strains, D21 (F-) and R12 (Hfr Reeves 1), both of which carried the ampAl allele giving class I type of ampicillin resistance (growth on plates with [20] [21] [22] [23] [24] [25] ,ug/ml). After NNG mutagenesis (see Materials and Methods), the cells were spread on LB plates and incubated for about 16 h at 30 C (to permit also the isolation of temperature-sensitive mutants). Only those colonies which grew overnight and which then did not grow when replicated onto LB plates at 30 C with an ampicillin concentration of 5 ,ug/ml were selected (or 2 jgg/ml for plates incubated at 42 C).
The clones selected were grown up in LB and assayed for their penicillinase activity by using the automated iodometric method (15) .
After screening of about 20,000 colonies in this way, we obtained a few hundred with decreased ampicillin resistance. Of these, only 10 to 15 were classified as penicillinase negative. Those selected for further studies in this communication are listed in Table 2 . The only temperature-sensitive mutant obtained, UM104, had lost the Hfr property of the parental strain. This is in agreement with earlier observations that the Hfr property of R12 is somewhat unstable (16) . Strain TP3 is a double mutant with a new requirement for isoleucine and valine (ilv). Many mutants (like TP1) had penicillinase activities that were significantly lower than in the wild type. However, of those selected for purification, TP3 had more enzyme activity than the wild type, and UM104 presumably a temperature-labile enzyme.
Conjugation and transduction mapping of the ampC gene. In a preliminary conjugation experiment, P4xa2 (ampA2, ampC+, metB) was used as donor and TP3 was used (ampA1, ampC3, ilv) as recipient. A linkage analysis of ilv +/strA recombinants showed that P4xa2 transferred ampC before metB. In another interrupted mating experiment we used as donor Gllal (ampAl, ampC+). The recipient, UM1041, carried the ampAl and the ampC12 allele, the latter mediating a heat-labile penicillinase activity and at 30 C reducing the ampicillin resistance and penicillinase activity to wild-type levels ( Table 2) . As a control, a simultaneous mating experiment was performed with Gllal and PA2004 (ampA+, ampC+). From the result given in Fig. 1 , it can be concluded that ampC12 is linked to ampA. In both experiments the time of entrance was also in reasonable agreement with the known map position of ampA at 82 min (7) .
Transduction experiments were first performed by using strain TP3 (ampAl, ampC3, purA+) as donor and strain KG20 (ampAl, ampC+, purA) as recipient. PurA+ transductants were selected, purified, and tested for ampicillin resistance. Since both donor and recipient carried the same allele of ampA, ampicillin sensitivity (growth on plates with 1-2 jAg/ml, no growth on 5 ,ug/ml) was taken as evidence for co-transduction of ampC and purA+. The results in Table 3 show that, with KG20 as recipient, ampC3 was co-transducible with purA+ with a frequency of 27%. However, KG20 and all strains with the same allele of purA show poor growth. Further co-transduction experiments were therefore performed with strain Hlt3, a transductant obtained from strain Hi (ampA+, ampC+, purA86), by using Gllal (ampAl, ampC+, purA+) as donor and selecting an ampicillin-resistant recombinant which was still purA86. Strain Hlt3 (ampAl, ampC+, purA86) was used as recipient in further transduction experiments in which purA+ transductants were selected. The results in Table 3 show that the ampCl and ampC12 alleles were also co-transducible with purA. The frequencies were of the same orders as found for purA+ and ampA+, but the numbers were considered too low to provide map distances.
However, the results in Table 3 show a close linkage between ampA, ampC, and purA, and a very close linkage between ampA and ampC.
Purification of penicillinases from strains with different alleles of ampC. The penicillinase of E. coli is an entirely cell bound enzyme that is located in the periplasm (2, 14) . Therefore, step 1 in our first method of penicillinase purification was the release of the enzyme by formation of spheroplasts using ethylenediaminetetraacetic acid and lysozyme. However, when testing a purified penicillinase preparation for lytic activity against Micrococcus lysodeikticus, considerable lysis occurred. This activity was found to be more heat stable than the penicillinase activity and was therefore attributed to contaminating lysozyme. On this basis, steps 1 and 3 in the purification procedure were modified as follows.
Step 1. The bacteria were cultivated and harvested as described above. The cells were washed once in ice-cold 0.01 M phosphate buffer, pH 6.8, and in all subsequent steps the temperature was 0 to 5 C. The bacterial paste (50-75 g wet weight) was resuspended in about 100 ml of phosphate buffer and disrupted in a French press. After addition of 10 ml of 0.1 M ethylenediaminetetraacetic acid, the suspension was diluted to about 200 ml and centrifuged for 30 min at 48,000 x g. The supernatant fluid was collected. The pellet was passed once more through the French press and the supernatant fluid was collected as above.
Step 2. The total supernatant fluid was dialyzed against distilled water overnight and then equilibrated against 0.01 M phosphate buffer, pH 6.8.
Step 3. The extract was applied to a column (30 by 850 mm) with 600 ml of sulfoethyl cellulose (14) . Elution was carried out with a linear gradient made up from 200 ml each of 0.01 M and 0.25 M potassium phosphate buffers, pH 6.8. The material that showed penicillinase activity was collected and dialyzed against 0.1 M potassium phosphate buffer, pH 6.8 (fraction A).
Step 4. Fraction A was applied to a hydroxylapatite column (32 by 475 mm) and eluted by a gradient of phosphate buffer (14) . The samples that showed activity were collected, dialyzed against water, and lyophilized (fraction B).
Fraction B was isolated from strains Gllal (ampC+), TP3 (ampC3), and Hltl4 (ampC12) and tested for purity on polyacrylamide-gel electrophoresis. The results in Fig. 2 show that the ampC3 protein from the mutant TP3 was as pure as the penicillinase from strain Gllal and that both enzymes had the same electrophoretic mobility. Thus, the modified purification procedure gives as homogeneous a product as does the previous method (14) . The material from the transductant Hltl4 (ampC12) gave a distinct band with a slower electrophoretic mobility than the protein from strain Gllal. With the ampC12 enzyme (no. 3 in Fig. 2) , material was also trailed from the origin. This protein may therefore not be stable at pH 4.7.
The yields of penicillinase were almost the same for strains Gllal and TP3 (0.1 mg of protein/g of wet bacterial paste) but were five times lower for strain Hltl4. Attempts were also made to purify the penicillinase from the mutant TP1. However, despite a very low but measurable penicillinase activity, the yields Characterization of purified penicillinase. Table 4 gives the Km values for two substrates using the penicillinases purified from strains TP3 and Hltl4. We have also included earlier Km values for wild-type enzyme from strains Gll and Gllal (14) as well as the ampicillin resistances at 37 C for all four strains. Compared to the penicillinases from strains Gllal and Hltl4, the ampC3 enzyme from the mutant TP3 showed significantly higher Km values for PenG and D-amp.
For the ampC3 enzyme from strain TP3, Vma, was about three times lower than the value for the wild-type enzyme from strain Gllal. Table  2 . The specific activity of the peak fraction from step 4 was determined at 25 C by using 0.5 mM penicillin G as substrate. Vm.ax was calculated from these data and the corresponding Km values. Protein was determined by using 21 .0 as extinction coefficient (14) . from strain Gll is explained by the fact that this enzyme was never obtained in a homogeneous form (14) .
Antibodies against pure wild-type penicillinase from strain Gllal (14) were used to test whether the enzymes isolated from strains TP3 (ampC3) and Hltl4 (ampC12) were immunologically related to the wild-type, ampC+ enzyme from Gllal. The Ouchterlony test in Fig.  3 revealed basic similarities among all three penicillinase preparations.
Pollock was the first to use antisera to demonstrate differences between penicillinases (19).
Figure 4 shows such titrations of penicillinase purified from strains Gllal, TP3, and Hltl4. To a constant amount of enzyme protein were added different amounts of antibodies while following the enzyme activity. The ampC3 enzyme from the mutant TP3 was more sensitive to antibody inhibition than was the wild-type, ampC+ enzyme from strain Gllal. The slope of the curve for the ampC12 enzyme from the transductant Hltl4 was different from that obtained for the wild-type enzyme from strain Gllal, but the level of maximum inhibition was almost the same.
The temperature stability of an enzyme is a relatively specific property. The transductant Hltl4 was suspected to possess a heat-labile penicillinase mediated by the ampC12 allele. Heat inactivation at 23 and 44 C was therefore tried with enzyme purified from Hltl4 by using wild-type enzyme from Gllal as a control. Figure 5 shows that the ampC12 enzyme lost almost all activity after 5 min of incubation at 44 C. The wild-type enzyme from strain Gllal was fairly stable at this temperature for at least 27 min, as were both proteins at 23 C.
Fingerprinting (12) of enzymes from strains Gllal, TP3, and Hltl4 was performed to detect possible amino acid replacements. However, no clear differences in the peptide patterns could be detected.
Search for a physiological role of penicihlinase. All the penicillinase-negative mutants studied appeared normal with respect to growth curves, generation times, rate of autolysis, cell morphology, cell volume, and envelope permeability, the latter measured as resistance to cholate lysis (4). Thus, loss of penicillinase activity did not alter the gross properties of the bacteria. Except for penicillinase, all known enzymes that interact with penicillins are connected with murein (10, 13, 25 ,uliters of enzvme (10 jg/ml) was added 25 uliters of various dilutions of a stock solution of antibodies (100 mg of protein/ml). After 10 min of incubation at 23 C, penicillin G was added, and after 5 min of additional incubation at 23 C, the penicilloic acid formed was assayed (15) . Wild-type enzyme from strain Gllal (prepared by the previous method of purification) was used for obtaining rabbit antisera from which penicillinase antibodies were purified (14) .
(30-45 C), and the almost isogenic strain, Hlt3, served as control. Murein synthesis, measured as incorporation of 3H-diamino pimelic acid (20) , was normal in Hltl4 during growth in LB, casein hydrolysate, and glucose minimal medium, as well as during incubation in a "murein medium" containing Tris buffer, glucose, MgCl2, murein amino acids, and chloramphenicol. The murein formed showed a normal, very slow turnover and a normal, 50% degree of cross-linkage (24) .
Murein sacculi with their lipoprotein appendages (3) were prepared from Hlt3 and Hltl4 cultivated in LB at 30 and 42 C. A Beckman amino acid analyzer was used to determine the content of amino acids and glucosamine. No differences were detected with respect to murein composition or the ratio of murein to lipoprotein (3) .
The possibility that penicillinase is an autolytic enzyme was investigated by using penicillinase purified without lysozyme (see above). The preparation had no lytic effect on M. lysodeikticus cells. When added to purified E. coli murein sacculi, no decrease in optical density (660 nm) or appearance of reducing or amino groups was seen during long incubations and various conditions. Thus, E. coli penicillinase did not hydrolyze glycosidic or peptide bonds in E. coli murein under the conditions used.
Lysozyme-produced muropeptides (24) and uridine 5'-diphosphate-N-acetyl-muramyl-pentapeptide (18) purified from Bacillus cereus were tested as possible substrates for penicillinase. None of the enzymic activities ascribed to the E. coli autolytic system (lysozyme, endopeptidase, N-acetyl-muramyl-L-alanine ami- dase, D-alanine-carboxypeptidase I and II, references 13 and 24) was observed. Finally, in heated extracts of strain Hltl4, whose penicillinase was >90% inactivated, the carboxypeptidase I and II activities (13) were normal. Thus, no connection was found between penicillinase and biosynthetic or degradative murein enzymes.
DISCUSSION
The mutants studied in the present investigation were selected because of their altered penicillinase activities ( Table 2 ). The mapping data presented (Table 3) show that, in strains TP1, TP3, and UM104, the mutations were co-transducible with purA+. Thus, they are located near ampA at 82 min on the chromosome map. The penicillinases purified from the mutant TP3 (ampC3) and from the transductant Hltl4 (ampC12) had enough enzyme activity to allow their characterization. Determinations of Km and the response to antibodies made against the wild-type enzyme (Table 4 and Fig. 4) show that the catalytic properties of the ampC3 and ampC12 enzymes have been altered. That the basic molecular properties of the three enzymes still are very similar is evident from the Ouchterlony test (Fig. 3) as well as from the fact that the purification procedure was identical for the three preparations. Taken together, these genetic and biochemical data show that strains TP3 and UM104 were mutated in the structural gene for the chromosomal penicillinase. This claim is further strengthened by the demonstration that the ampC12 enzyme is more heat labile than is wild-type penicillinase (Fig. 5) .
The purification procedure for the penicillinase yielded from strain Hltl4 only 20% of the expected amount of protein. With the mutant TP1, hardly any protein was obtained. This could indicate the presence of regulatory mutations in both of the strains. (If proven to be so, the allele of TP1 may have to be renamed.) For Hltl4, it could imply that the ampC12 allele of the structural gene simultaneously affects the regulation of the penicillinase synthesis or the presence of an independent and very closely linked regulatory mutation. Alternatively, the decreased yields could be due to an increased instability to the conditions used during the purification. Reversions of ampAl are unlikely since this mutation was recovered in genetic experiments with TP1 and Hltl4 (Burman et al., unpublished data). Further work is, however, needed for the understanding of the control of the penicillinase gene.
Bacterial mutants lacking a given enzyme have often proved helpful for elucidating the physiological role of the enzyme. This has been the case of penicillin resistance, and we have recently discussed the respective roles of the penicillinase and the barrier function of the other membrane (H. G. Boman et al., Ann. N.Y. Acad. Sci., in press). We have also used purified penicillinase and a temperature-sensitive mutant to investigate whether the enzyme has a physiological function related to biosynthesis or breakdown of murein. No positive evidence for any such function was obtained. However, the recent finding that the ampA gene is trans-dominant (Burman and Normark, personal communication) and the isolation of a protein inhibitor of a penicillinase (11) can be taken as new indirect evidence for a function other than the ,B-lactamase activity.
